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SUMMARY

As a part of the redesign.of the Space Shuttle Solid Rocket Motor, the
field and nozzle~to-case joints were redesigned to minimize the dynamic
flexure caused by internal motor pressurization during ignition. The O-ring
seals and glands for these joints were designed to accommodate both structural
deflections and to promote pressure assistance. A test program was conducted
to determine if a fluorocarbon elastomeric O-ring (V747-75) could meet this
criteria in the redesigned gland. Resiliency tests were used to investigate
the O-ring response to gap motion while static seal tests were used to verify
design criteria of pressure assistancg for sealing. All tests were conducted
in face seal fixtures mounﬁed in servo-hydraulic test machines.

The resiliency of the O-ring was found to be extremely sensitive to the
effects of temperature. The External Tank/Solid Rocket Booster attach strut
loads had a negligible affect on the ability of the O-ring to track the

simulated SRB field joint deflection. In the static pressure-assisted seal

tests, as long as physical contact was maintained between the O-ring and the

gland sealing surface, pressure assistance induced instantaneous sealing.



I. INTRODUCTION

The Space Shuttle Solid Rocket Booster (SRB) is composed of separate
steel segments that are twelve-foot diameter cylindrical shells. Before the
Challenger accident the adjoining case segments were mechanically fastened
using a clevis-tang joint, each joint having two twelve-foot diameter
continuous O-ring seals. An investigation by the Presidential Commission on
the Challenger accident concluded that "the cause of the Challenger accident
was the failure of the pressure seal in the aft field joint of the Solid
Rocket Motor."l! As a result, the Solid Rocket Motor (SRM) was'redesigned in
accordance to the Prime Equipment Contract End Item Detail Specification.2 In
particular, the primary requirements for the seals in the field and nozzle-to-
case joints are that: the seal must operate within a specified temperature
range; any structural deflections must be accommodated; the O-ring seal must
be capable of tracking twice the maximum expected gap opening without pressure
assistance; and the use of pressure assistance for sealing must be possible
but not required.

The current investigation was undértaken to examine the resiliency and
sealing characteristics of an O-ring (V747-75) in the redesigned gland.
Three types of tests were conducted:

1. Resiliency Characterization Tests. =~ The Commission stated that the
elastomeric seals were severely affected by the cold temperatures which
rendered the material unresponsive to the joint flexing caused by dynamic
conditions at launch. Thus, resiliency characterization tests were conducted
to examine the resilient behavior of the O-ring at various gap opening rates
for different temperatures.

2. Simulated SRB Field Joint Deflection Tests. - The ﬁwo main sources of

case structural deflections are the dynamic External Tank/SRB attach strut



loads during }iftoff and the internal pressurization of the SRB during
ignition. The simulated SRB field joint deflection tests were conducted to
verify the ability of the O-ring to track the prescribed gap opening without
pressure assistance.

3. Static pressure—assisted seal tests - As stated above, one of the
requirements for the redesigned gland 1Is to accommodate pressure assistance.
However, the minimum residual load that was necessary for pressure—assisted
sealing was unknown. Therefore, the static pressure-assisted seal tests were
conducted to determine the minimum amount of residual load on the O-ring that

would maintain a seal agalnst the specified pressure transient.

II. TEST EQUIPMENT AND PROCEDURE'S

This investigation was conducted with two different face seal fixtures
mounted in servo-l":ydraulic test ma.chines. (A face seal fixture squeezes the
O-ring in an axial direction.) Figures 1 and 2 display both face seal
fixtures which had glands thatb were fabricated according to the cross-
sectional dimensions of the redesigned field joint gland. During each test,
normal forces on the O-rings were measured with a load cell while a direct
current displacement transducer (DCDT) measured the separation distance
between the fixture halves. Thermocouples were used to verify that thermal
equilibrium of the test fixture halves was maintained at the desired test
temperature.

After the O-rings and the fixture glands were lightly greased, the room
temperature O-rings were placed in the fixture halves and compressed to an
initial gap separating the fixture halves which related to a given percent

squeeze (the amount of diametral compression) of the O-ring. The fixture




halves were held at this initial gap for approximately 30 minutes to allow for
vigcoelastic relaxation. The O-rings relax to relieve the peak load resulting
from the initial compression. This relaxation process is possible in the
redesigned gland because, when compressed, the O-rings are unconstrained by
the sidewalls of the widened gland. The minimum load calculated at the end of
the relaxation period is referred to as the "relaxed” load. During this
period, the fixture halves were also brought to the desired test temper-
ature. In order to expedite the testing when consecutive tests required new
O-rings, they were placed in the fixture halves that were already at the
specifiéd test temperature. The room temperature O-rings were immediately
compressed to allow for viscoelastic relaxation effects before thermal
equilibrium was established between the O-ring and the fixture.

Viscoelastic relaxation effects are sh;wn in figure 3 for some of the
test squeezes at 75° and 120°F. Although the O-rings were statically
compres;ed for approxiﬁately 30 minutes, the majority of the relaxation
process had occurred in four minutes with the O-ring retaining 72% of its
original load while the load was reduce& only a further 5% by the end of the
relaxation period. Therefore, any changes in the load state cannot be assumed

to be caused by thermal effects because most of the viscoelastic relaxation

occurs before thermal equilibrium between O-rings and fixture is established.

Resiliency Characterization Test

The resiliency chracteristics of the O-ring were examined in a face seal
fixture with a single gland (see figure 1). The test O-ring had a 4.477 inch
inner diameter with a nominal cross-sectional diameter of 0.280 inch.

The viscoelastic relaxation period for these tests did not induce the

permanent compression set effects that SRB O-rings would experience during



storage after assembly. Compression set 1s the unrecovered deformation (as a
fraction of the original squeeze) that the O-ring experiences after being held
in compression for an extended period of time. Although compression set
alters the O-ring resiliency, these short term tests revealed the basic effect
of temperature on the resiliency of the elastomer.

During the test preparations, the O-ring was compressed so that the
initial gap separating the fixture halves was 0.005 inch. The lower fixture
half was then cyclically displaced at various frequencies to produce a load
versus displacement hysteresis. /A delta gap was chosen of sufficient ampli-
tude such that the O-ring would eventually lose contact, or liftoff, from the
sealing surface. The cyclical displacements were converted to gap opening
rates to determine the response of the O-ring in relation to specified gap
opening rates. Figure 4 shows the 1liftoff gap as the difference between the
initial gap separating the fixture halves and the gap opening where the O-ring
is no longer in contact with the sealing surface. These tests were conducted
at several constant temperatures between 20°F and 120°F. The cyclical dis-
placements followed a prescribed sine wave at frequéncies ranging from 0.01 Hz

to 50 Hz.

Simulated SRB Field Joint Deflection Tests

These tests used the same face seal fixture (see figure 1) as the resili-
ency characterization studies but used d servo-hydraulic test machine that
provided better displacement response times. The test O-ring had a 4.477 inch
inner diameter with a nominal cross—sectional diameter of 0.290 inch. These
tests were conducted to e#amine the effects of simulated SRB field joint

deflections on the O-ring tracking ability.



The two main sources of case structural deflections are the dynamic
External Tank/SRB attach strut loads during 1liftoff and the internal pressuri-
zation of the SRB during ignition. The first source of structural deflections
occurs during the launch sequence when the Shuttle assembly experiences unique
dynamic loads caused by the constraint of the SRB during Shuttle main motor
ignition. These dynamic loads are stored within the assembled structure and
released immediately after 1liftoff. An analysis of previous flight data
conducted by F. Bugg of NASA Marshall Space Flight Center in January, 1987,
revealed that the structural vibrations caused by the attach strut loads are
three hertz with a maximum deflection of 0.001 inch. The second source of
deflection is caused by the internal motor pressurization of the SRB. The 3-
sigma case of the head end SRB motor pressure would result in a maximum
pressure of 1015 psi. This pressure will cause a maximum gap opening (delta
gap) of 0.009 inch between the clevis and the tang of the redesigned field
joint.3 For this investigation, these structural deflections were simulated
to verify the resiliency response for twice the maximum expected gap opening
(0.018 inch) as shown in figure 5. | |

During these test preparations, the O-ring was initially compressed to
one of the required percent squeezes, 16.2% and 23.3%. These squeezes were
provided by reference 4 and incorporated wvarious factors such as stretch,
thermal expansion and estimated long term compression set effects.

For these tests, a computer applied a non-linear displacement ramp that
simulated twice the maximum gap opening curve, resulting from the 3-sigma
pressurization of the SRB field joint. Figure 5 shows the displacment curve
and the pressure rise; the gap opening was 0.018 inch within the prescribed
600 msec interval. Preliminary tests indicated that the computer simulation

followed the projected non-linear displacement ramp very closely with a



maximum deviation in delta gap opening of 0.001 inch. To determine the effect
of the vibrations due to the External Tank/ SRB attach strut loads, the
vibrations were added onto the end of the computer-generated displacement
ramp. The minimum residual load, calculated for these tests, is the load per
unit length acting on the O-ring that occurs during the maximum gap opening.
The two temperatures tested, 75°F and 120°F, bracketed the specified operating

2

range of the O-ring seal. Six tests were conducted at each temperature;

three for the delta gap only and three with the added vibrations.

Static Pressure—Assisted Seal Tests

The static pressure-assisted seal tests were conducted in the face seal
fixture that contalned a primary and a secondary O-ring gland as shown in
Figure 2. This fixture was specially fabricated to allow for simulation of a
leak check procedure to preseat the O-rings and monitor for pressure blow-by
(see figure 6). A fixture chamber O-ring ensured proper sealing between
fixture halves and prevented any atmospheric leakage duriqg ;esting. The pri-
mary and secondary O-rings had inner diametersvof 6.052 inch and 8.022 inch,
respectively. Both test O-rings had nominal cross—sectional diameters of
0.290 inch.

Preliminary testing determined the initial percent squeezes that would
best simulate the actual resiliency behavior of the O-ring after long term
compression set. This testing involved applying Various amounts of static
compression on the primary O-ring, holding the the displacement constant for
the relaxation period, and then calculating the load per unit length which is
referred to as the relaxed load. To avoid measuring frictional loads from the

chamber O-ring, it was omitted during this preliminary examination. Results

from this testing show that the relaxed load was essentially zero for the



initial percent squeezes of 1.7% and 3.5% while a 5.2% squeeze corresponded to
a relaxed load of 3.12 1bf/in. The worst possible case for sealing occurs
when the O-ring is essentially unloaded (i.e. zero load) after long term
compression set. Therefore, since this investigation sought to examine the
worst possible sealing conditions, initial percent squeezes of 5.2%, 3.5%,
1.7% and 0.0%Z. Though the‘percent squeeze of 0.0% did not correspond to a
compressed state, it was tested to observe the dynamic sealing characteristics
of an O-ring through pressure assistance.

The static seal tests consisted of initially compressing the primary and
secondary O-rings to various initial percent squeezes (5.2%, 3.5%, 1.7% and
0.0%) as determined from preliminary'testing. Then the leak check procedure
was conducted with the gaps between the fixture halves held constant. This
procedure involved first applying a 250 psi pressure in the secondary chamber
between the two test O-rings while the pressure in the primary chamber (see
figure 6) was monitored to detect 1leaks. The pressure in the secondary
chamber was vented and then a 250 psi pressure was applied to the primary
chamber while the secondary chamber was monitored for leaks. After the leak
check procedure was completed, the pressure-assisted seal tests were conducted
by applying a 1015 psi pressure transient in the primary chamber for two
minutes which 1is the flight duration of the SRBs prior to separation from the
Shuttle system. This 1015 psi pressure transient is the simulation of the 3-
sigma case of the head end SRB motor pressure. For the prescribed two minute
interval, pressure in the secondary chamber was monitored to detect pressure
leaks (blow-by). Pressure blow-by during leak checks and seal tests indicate
improper or -"unsuccessful" sealing. The static seal studies consisted of
three tests at each initial percent squeeze and were conducted at the minimum

operating temperature of the O-ring, 75°F.

-8-



IIX. DISCUSSION OF RESULTS

Resiliency Characterization Tests

Figures 7 through 10 show that the resiliency of the fluorocarbon
elastomeric O-ring (V747-75) was adversely affected by cold temperatures. As
the glass transition temperature of this O-ring was approached (7°F to 129F
from reference 5), the O-ring became unresponsive to changes 1in the gap
opening, regardless of the gap opening rate (frequency). In general, the
ability of the O-ring to track the gap decreased as the gap opening rate
increased. The results from figures 7 through 10 are tabulated in Table I.

As a side note, this investigation also confirms the Presidential
Commission findings of the Challenger accident.1 Various structural analyses
of the original SRB field joint showed that the average gap or relative
displacement between tang and inner clevis arm was ranged from 0.018 inch to
0.037 inch.l’6 For the original SRB field joint, the estimated maximum gap
opening rate of 0.23 inch/sec was calculated from data provided by reference
7. At the coldest test temperature of 20°F which is closest to the wminimum
launch 'temperature of the Chailenger SRB joint (23°F), figui:e 9 shows that the
O-ring cannot track any gap opening at any rate. For the redesigned SRB field
joint, this investigation has determined that the minimum operating temper-
ature of the O-ring begins at 70°F where the O-ring easily can track the
maximum displacement requirement of 0.018 inch at the required gap opening

rate of 0.19 inch/sec (see figure 10).

Simulated SRB Field Joint Deflection Tests

Figures 11 through 14 show the results of the tests simulating structural
deflections of the SRB field joint. For all initial percent squeezes and

temperatures tested, the O-ring tracked the required gap opening of 0.018 inch




without pressure assistance during the critical 600 msec interval. The load
curves in figures 11 and 13 are similar to the displacement curve in figure 5
which indicates that the O-ring maintained contact with the sealing surface
throughout the non-linear gap opening ramp.

The resulting relaxed loads and minimum residual loads for the simulated
SRB field joint deflection tests conducted for 16.2% and 23.3%2 squeezes at
75°F and 120°F are shown in figures 12 and 14. These tests were conducted
for the delta gap only and the delta gap with the added vibrations. For the
delta gap only tests, the 16.2% and the 23.37% squeezes produced relaxed loads
of -24.2 1bf/in and -44.2 1bf/in at 120°F as compared to -21.4 1bf/in and
-40.1 1bf/in, respectively, at 75°F. The corresponding residual loads for the
16.2% and the 23.3% squeezes were -7.5 1lbf/in and_-18.2 1bf/in at 120°F and
-4.,0 1bf/in and -13.1 1bf/in at 75°F, respectively. The higher residual loads
for both squeezes at 120°F , in comparison to those at 75°F, are most probably
caused by thermal expansion.

The minimum residual loads obtained in these short term tests were higher
than the 3.12 1bf/in value determined in long term tests conducted by R. G.
Clinton of NASA Marshall Space Flight Center in January, 1988. The long term
test value was obtained for tests conducted at room temperature (75°F) with
the same O-ring material, gland dimensions, and prescribed delta gap opening
as in the current short term tests.

In an effort to better simulate the residual loads resulting from long
term compression, the squeezes of 14.7%2 and 15.0% were examined. The
squeezes resulted in minimum residual loads of 2.8 1bf/in and 3.0 1bf/in,
respectively, after the delta gap opening as compared to the long term data of
3.12 1bf/in. However, larger scatter was observed during testing for the

14.7% squeeze.
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The effect of added vibrations on the ability of the O-ring to track the
gap opening was evaluated for the initial squeezes of 14.7%, 16.2% and 23.3%
with the 14.7%Z squeeze tested only at 75°F. Comparing the percent loss
between the original relaxed load state to the final residual load state after
the gap opening, it was observed that all of the tests conducted with the
added vibrations had higher load losses than the tests conducted with the
delta gap only with the exception of the 23.3% squeeze at 75°F. However, the
magnitude of the additional load loss was small, and therefore, the vibrations
never caused the O-ring to lose contact with the sealing surface.

Thus, the design requirements of maintaining contact through any struc-
tural.deflection and tracking twice the_maximum expected gap opening without
pressure assistance was verified for the minimum SRB O-ring seal operating
temperature of 75°F. The additi;nal cyclic gap opening of é0.00bS inch at
three hertz due to the External Tank/SRB strut loads had a negligible effect
on the ability of the O-ring to track the gap opening of 0.018 inch. It was
determined that a 15.0% squeeze best simulated the long term compression set

effects on the resilient behavior of the O-ring.

Static Pressure—Assisted Seal Tests

Figures 15 through 23 show that for the percent squeezes of 1.7%, 3.5%,
and 5.2%, the leak checks were successful and the O-rings instantly sealed
upon application of the 1015 psi pressure (3-sigma pressure transient). For
example, figure 23 displays typical chamber pressure and displacement curves
for a successful seal for the 1.7% squeeze case. In figures 23a, no pressure
blow-by was observed in the primary chamber due to the 250 psi pressure
applied to the secondary chamber. Figure 23c indicates that a very slight

pressure rise in the secondary chamber was caused by the 250 psi applied to

-11-



the primary O-ring. However, this slight pressure increase can be attributed
to the translation of the primary O-ring toward the secondary O-ring which
reduces the secondary chamber volume, and thus, increased the pressure in that
chamber. Finally, instantaneous sealing upon the 1015 psi pressure applica-
tion is verified in figure 23e which shows no pressure blow-by. The test data
for all the squeezes tested are presented in Table IV.

For the zero percent squeeze, the three tests conducted resulted in one
successful seal and two delayed seals. The successful seal is shown in figure
24 and two delayed seals are shown in figures 25 and 26. Figure 25 displays a
typical delayed seal where slight pressure blow-bys occurred prior to sealing
for each pressure application. After each 250 psi pressure applied during the
leak check procedure, slight pressure blow-bys were observed (see figures 25a
and 25c¢) in the primary and secondary chamber, respectively. However, the
1015 psi pressure transient caused a noticeable pressure increase as seen in
figure 25e. The delafed seal in this case can be attributed to the tolerance
range in gland depth and O-ring cross-sectional diameter. The deviations in
these two dimensions are combined such that the actual initial éap seéarating
the fixture halves could vary around the O-~ring circumferences. Therefore,
the O-rings may not have had complete contact with the sealihg surface,
allowing slight pressure blow-bys to occur.

Therefore, a specific amount of residual 1load is not necessary for
.successful sealing. This 1investigation showed that 1f the O-ring merely
remained in c;ntact with the sealing surface (essentially zero load), pressure
assistance provided by the 1015 psi pressure transient would induce

instantaneous sealing.
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IV. CONCLUSIONS

Static and dynamic tests were conducted to assess O-ring sealing response
for the revised SRB seal requirements. In the resiliency characterization
tests, the resilient behavior of the fluoroca;bon elastomeric O-ring (V747-75)
was examined by studying the effects of temperature and gap opening rates.
Additional resiliency tests were used to 1investigate the O-ring response to
simulated SRB field joint deflections while static pressure—assisted seal
tests.were used to verify the design criteria of pressure—assisted sealing.
Resiliency was gauged by load and displacement measurements. During static
‘seal tests, chamber pressures were monitored to confirm successful sealing.
All tests were conducted in face seal fixtures that were mounted in servo-
hydraulic test machines.

The resiliency of the O-ring was adversely affected by cold tempera-
tures. At 20°F, the O-ring was unresponsive to any gap opening rate,
resulting in ilmmediate separation (liftoff) from the sealing surface. Tﬂe
minimum operating temperature was determined to be_70°F,.above which the 0-
ring could easily track the required delta gap of 0;018 inch at the gap
opening rate of 0.19 inch/sec.

For the simulated SRB field joint deflection tests conducted at 75°F and
120°F, the O-ring maintained contact throughout the delta gap opening of
0.018 inch. The External Tank/SRB attach strut load vibrations had a
negligible effect on the ability of the O-ring to track the gap opening.
These tests also determined that a 15.0% squeeze best simulated the effects of

long term material compression set on the resilient behavior of the O-ring.
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j The design requirement for pressure—assisted sealing was verified for the
redesigned gland. As long as physical contact was maintained between the O-
ring and the gland sealing surface, the simulated 3-sigma case of the SRB

motor pressure transient induced instantaneous sealing.
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